Invasive aspergillosis is an important cause of morbidity and mortality in immunocompromised patients. Diagnosis of this infection frequently employs detection of the circulating galactomannan in the patient serum using enzyme immunoassay (EIA), a highly sensitive and specific system. Although there are many structural studies of the galactomannan of Aspergillus fumigatus, some inconsistencies are present in these results. In this study, to clarify the relationship between the growth conditions and structure of the galactomannans, we cultured A. fumigatus using two distinct yeast/fungal cultivation media, i.e. the yeast extractpeptone-dextrose (YPD) medium and yeast nitrogen base (YNB) medium. Galactomannans prepared from the resulting culture supernatants were structurally characterized by 1 H and 13 C nuclear magnetic resonance, methylation analysis, acetolysis and α-mannosidase degradation. These assays revealed that the galactomannan from the YPD cultivation had short β-1,5-linked galactofuranose (Galf ) oligosaccharide chains in both the O-and N-linked carbohydrate moieties, while the galactomannan from the YNB cultivation incorporated long Galf oligosaccharide chains. The galactomannans derived from the two culture conditions significantly differed in reactivity based on the EIA diagnostic system. We also demonstrated the presence of a novel Galf-containing branched oligosaccharide in the O-linked moiety.
Introduction
Invasive aspergillosis is an opportunistic fungal infection that primarily affects the lungs. Among the patient populations at greatest risk of infection are those with an inadequate number of circulating neutrophils. Despite the availability of new and promising drugs, the mortality rate among patients with invasive aspergillosis remains high (Herbrecht et al. 2002; Kume et al. 2006) . The determination of the circulating galactomannan antigen in a patient's serum can be performed using a sandwich enzyme immunoassay (EIA) with a monoclonal antibody (mAb) against the galactomannan, thus providing a diagnostic test with a high specificity and sensitivity. The mAb EB-A2 exhibits a specificity for the β-1,5-linked galactofuranose (Galf) oligosaccharide side chains of the galactomannan (Stynen et al. 1995) . Since Galf residues are not present in human glycoproteins and glycolipids, this antigen provides an aspergillus-specific marker for EIA detection. Galf residues, though rare in carbohydrates in nature, are present in certain bacteria, protozoa and fungi, many of which correspond to pathogenic microbial species, e.g., Mycobacterium (Vilkas et al. 1973) , Leishmania (McConville et al. 1990 ), Trypanosoma (de Lederkremer et al. 1991) , Penicillium (Unkefer and Gander 1990) , Paracoccidioides (Levery et al. 1996) , Trichophyton (Ikuta et al. 1997) , Malassezia (Shibata et al. 2009 ) and Fonsecaea (Shibata and Okawa 2011) , in addition to Aspergillus.
Although the structure of the galactomannan of A. fumigatus has been analyzed by many researchers (Reiss and Lehmann 1979; Barreto-Bergter et al. 1981; Bennett et al. 1985; Mischnick and De Ruiter 1994; Latgé et al. 1994) , they are somewhat different in their results. There is a possibility that the discrepancy originates from different strains and growth conditions. Latgé et al. (1994) showed that the core mannan moiety of the galactomannan consists of tandemly repeated α-1,2-linked mannotetraose units connected by α-1,6-linkages to construct a linear mannan structure. They also showed that the side chains of the galactomannan consist of β-1,5-linked Galf oligosaccharides; the average length of the side chains was estimated to be 4-5 Galf residues, with the side chain Galf residues connected to the core mannan by α-1,3 and α-1,6 linkages. Although Van Bruggen-Van Der Lugt et al. (1992) indicated the presence of β-1,6-linked Galf residues in the galactomannan, Latgé et al. (1994) did not detect the linkage.
To cultivate A. fumigatus, Latgé et al. (1994) used a peptoneglucose medium, while van Bruggen-van der Lugt et al. (1992) used a yeast nitrogen base (YNB) medium. YNB medium is one of the representative media for the cultivation of yeast and fungi. The medium consists of (NH 4 ) 2 SO 4 as the nitrogen base and the pH is adjusted to 5, which is the optimum pH for the growth of yeast and fungi. On the other hand, the peptoneglucose medium consists of large peptides as the nitrogen base instead of (NH 4 ) 2 SO 4 and the medium is almost neutral. The latter culture medium is better correlated with the condition that Aspergillus would encounter during infection. In the case of Candida albicans, cultivation of the cells in Gal-supplemented YNB medium showed a significant difference in the cell surface hydrophobicity and the cell wall mannan structure compared with those of the cells grown in yeast extract-peptone-dextrose (YPD) medium (McCourtie and Douglas 1981; Okawa et al. 2005) . Therefore, in the present study, we investigated the structural differences between the galactomannans of A. fumigatus grown under the two different nutritional conditions.
As we now report, the growth conditions significantly affected the length of the Galf oligosaccharide side chains in both the Oand N-linked galactomannan polysaccharides. In the O-linked oligosaccharides, we also found a novel Galf-containing branched structure. Changes in the structures of the Aspergillus galactomannans are expected to alter the antigenic properties of the molecule, in turn, affecting the sensitivity and specificity of diagnostic tests that use mAbs against the β-1,5-linked Galf residues. The determination of the fine chemical structure of these galactomannans will be indispensable for the further development of aspergillosis diagnostic assays.
Results
Different culture conditions significantly affect the length of the O-linked oligosaccharides Yeast and fungal cell wall polysaccharides are known to be released into the culture medium during cell growth. Therefore, the presence of a fungal polysaccharide in a patient's serum is a marker for the diagnosis of fungemia. To identify the effect of the culture conditions (in this case, different nutritional conditions) on the structure of the cell wall polysaccharide, the galactomannans produced by A. fumigatus in two different culture media were recovered and partially purified by anion exchange chromatography using a DEAE-Sepharose column and stepwise elution with an increasing NaCl concentration. Since the fungal polysaccharide was mainly recovered in a water-eluted fraction, we used the glycoprotein fraction as the galactomannan. Initially, we analyzed the influence of the culture conditions on the structure of the O-linked oligosaccharides in the galactomannans. The O-linked oligosaccharides were released by β-elimination under non-reducing conditions and separated by gel permeation chromatography. Although there is no significant difference in the yield of the released oligosaccharides ( 20%), there was a significant difference in the length of the O-linked oligosaccharides between the galactomannans derived from cells grown in the two culture media (Figure 1 ). While P-GM (i.e., galactomannan generated during growth on YPD) yielded O-linked oligosaccharides up to tetraose (4-mer) size, N-GM (i.e., galactomannan generated during growth on YNB) released oligosaccharides up to and exceeding the decaose (10-mer) size. This result indicated that the culture conditions influenced the length of the O-linked oligosaccharides. Table I shows the result of the methylation analysis of the O-linked oligosaccharides obtained by β-elimination under reducing and non-reducing conditions. It is apparent that the biose released under the reducing conditions was the α-1,2-linked mannobiose, Manpα1 → 2Mannitol. On the other hand, oligosaccharides longer than the biose contained the non-reducing terminal mannose residue (t-Manp), 6-O-substituted mannitol residue (6-Man-ol) and/or 2,6-di-O-substituted mannitol residue (2, . In addition to these residues, the triose contained the non-reducing terminal galactofuranose residue (t-Galf ) and 5-O-substituted galactofuranose residue (5-Galf ). Furthermore, oligosaccharides longer than the triose also contained the 6-O-substituted galactofuranose residue (6-Galf). It was difficult to separate the partially methylated alditol acetate derivatives of the t-Manp residue (1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl Fig. 1 . Comparison of the chain length of O-linked oligosaccharides obtained from A. fumigatus grown under distinct culture conditions. Cultures were grown in YPD or YNB medium; galactomannans were isolated by DEAE-Sepharose column chromatography; and the resulting P-GM and N-GM (respectively) were subjected to β-elimination under non-reducing conditions (see Materials and methods for full description.) The O-linked oligosaccharides released from P-GM were separated by a column (2.5 × 100 cm) of Bio-Gel P-2 (A) and from N-GM by a column (2.5 × 200 cm) of Bio-Gel P-4 (B). The carbohydrate content in each fraction was determined by the phenol/sulfuric acid method. The numbers from 1 to 6 indicate the elution position of mannose and mannooligosaccharides from biose to hexaose obtained from Candida mannan by acetolysis.
O-Linked oligosaccharide contains branched structures
Structural change in the galactomannan of A. fumigatus mannitol) and 2,6-Man-ol residue (2,6-di-O-acetyl-1,3,4,5-tetra-O-methyl mannitol) by GC, because the two derivatives are meso compounds. That is, because these two derivatives have rotational symmetries through 180°, the structures are indistinguishable except for the deuterium label at the C-1 position, as shown in Figure 2A and B. As the control, fragment signals of the deuterium labeled t-Manp residue were detected at m/z 102, 118 and 162 (Figure 2A and C). However, the peak of the t-Manp and/or 2,6-Man-ol residue obtained under the reducing conditions produced strong fragment signals at m/z 101, 117 and 161, in addition to the signals at m/z 102, 118 and 162 ( Figure 2D ). This result is consistent with the methylation analysis result that the galactomannan contained the 2,6-Man-ol residue in addition to the t-Manp residue.
Therefore, we next obtained the O-linked oligosaccharides by β-elimination under non-reducing conditions (see Materials and methods). Methylation gas chromatography/mass spectrometry (GC-MS) analysis of the oligosaccharides clearly distinguished the t-Manp and 2,6-Manp (1,2,5,6-tetra-O-acetyl-3,4-di-Omethyl mannitol) residues, as shown in Table I . These results clearly indicated the presence of two different oligosaccharides in the O-linked triose fraction; i.e., Galfβ1 → 6(Manpα1 → 2) Manp (branched triose) and Galfβ1 → 5Galfβ1 → 6Manp (linear triose).
These O-linked oligosaccharides were also analyzed by 1 H nuclear magnetic resonance (NMR) spectroscopy. The 1 H NMR signals of the oligosaccharides released under the nonreducing and reducing conditions are shown in Figure 3A and B, respectively. The H-1 signal of the reducing terminal mannose residue, which typically appears at 5.35 ppm, disappears when the oligosaccharides were released under reducing conditions to change the mannitol ( Figure 3B ). Therefore, the signals are simple compared with those of the oligosaccharides released under the non-reducing conditions ( Figure 3A ). The oligosaccharides (biose, triose, tetraose and pentaose) released under the reducing conditions were designated as O2, O3, O4 and O5, respectively. For the biose fraction (O2), the signal at 5.003 ppm corresponded to the non-reducing terminal α-1,2-linked mannose residue next to the mannitol (Takahashi et al. 2012) . The same signal was present in each of the other oligosaccharides ( Figure 3B ). As shown in the methylation analysis, oligosaccharides longer than biose contained both linear and branched structures. In order to separate the linear and branched oligosaccharides, the triose fraction (O3), tetraose fraction (O4) and pentaose fraction (O5) were subjected to digestion with α-mannosidase. Each enzyme reaction product yielded three peaks by Bio-Gel P-2 column chromatography with the peaks corresponding to the α-mannosidase-resistant oligosaccharide (n) ( Figure 3D ), down-sized oligosaccharide (n − 1) ( Figure 3C ) and monosaccharide (mannose). A schematic diagram of the α-mannosidase digestion is shown in Figure 3E .
The α-mannosidase treatment of the triose fraction (O3) yielded mannose and biose (O3-2) in addition to the enzyme-resistant triose (O3-3). The single signal at 5.045 ppm with the biose (O3-2) corresponded to the β-1,6-linked Galf residue (Shibata et al. 2009) , and the two signals at 5.220 and 5.022 ppm for the enzyme-resistant triose (O3-3) corresponded to the non-reducing terminal β-1,5-linked Galf and intermediate β-1,6-linked Galf residues, respectively. The signal at 5.003 ppm, which corresponded to the non-reducing terminal α-1,2-linked mannose residue, disappeared from both oligosaccharides. This result indicated that the α-1,2-linked mannose residue was present as the branched mannose residue, an interpretation consistent with the result from a methylation analysis (Table I ). The proposed structure of the triose fraction (O3) is depicted at the bottom of the 1 H NMR spectrum (Figure 3 ). The α-mannosidase treatment of the tetraose fraction (O4) yielded mannose and triose (O4-3) as well as an enzymeresistant tetraose (O4-4). The 1 H NMR signal of the triose (O4-3) was identical to that of the enzyme-resistant triose (O3-3), indicating that the structure of the branched tetraose was Galfβ1 → 5Galfβ1 → 6(Manα1 → 2)Mannitol, while that of the enzyme-resistant tetraose (O4-4) was Galfβ1 → 5Galfβ1 → 5Galfβ1 → 6Mannitol. Similarly, the 1 H NMR signal of the tetraose (O5-4) obtained from the pentaose fraction (O5) by the α-mannosidase treatment was identical to that of the enzymeresistant tetraose (O4-4). The 1 H NMR assignment results are shown in Table II . 
Released oligosaccharides by β-elimination in the presence (+) or the absence (−) of NaBH 4 were separated using Bio-Gel P-2 column and eluates corresponding to biose fraction to pentaose fraction were analyzed by methylation analysis.
a Retention time relative to that of 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl mannitol.
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Significant difference in N-linked galactomannans obtained under two culture conditions As shown in Figure 4A and B, the 1 H NMR spectra of P-GM and N-GM were significantly different. A carbohydrate composition analysis of the two galactomannans indicated that N-GM contained higher amounts of the Gal residues compared with P-GM. The molar ratios of the Man : Gal residues in P-GM and N-GM were 1.0 : 0.2 and 1.0 : 2.6, respectively. To determine the glycosyl linkages, a methylation analysis of the two galactomannans was performed. As shown in Table III , P-GM contained a non-reducing terminal Galf and 5-Osubstituted Galf residues; N-GM contained 6-O-substituted Galf residues along with an 10-fold higher amount of the total Galf residues compared to the P-GM content. This result suggested that the signal at 5.195 ppm of N-GM ( Figure 4B ) corresponded to the intermediate β-1,5-linked Galf residues. To analyze the core mannan structure, both galactomannans were partially acid hydrolyzed by 0.1 M HCl at 100°C for 1 h, a treatment that cleaves the furanosyl linkages in preference to the pyranosyl linkages. The core mannans obtained by the partial acid hydrolysis of P-GM and N-GM, designated as P-GMa and N-GMa, respectively, each showed the same 1 H NMR spectra (Figure 4C and D) , suggesting that the difference in the growth conditions mainly affected the structure of the Galf oligosaccharide side chains of the galactomannan. The molecular mass of N-GM and P-GM was estimated to be 50 and 15 kDa, respectively, by Sephacryl S-300 column chromatography. Although the molecular mass of N-GM was about three times higher than that of P-GM, the molecular mass of the core mannans, P-GMa and N-GMa, was similar ( 10 kDa) ( Figure 4E ).
To determine the core mannan structure, the galactomannans were subjected to a methylation analysis (Table III) and acetolysis under mild conditions. A mannooctaose obtained by mild acetolysis showed a characteristic 1 H NMR signal (Supplementary data, Figure S1 ). The sequential assignment of the H-1 and H-2 signals using total correlation spectroscopy (TOCSY) and 2D nuclear Overhauser enhancement spectroscopy (NOESY) indicated that the mannooctaose consisted of two α-1,2-linked mannotetraose units that were connected by an α-1,6-linkage to form a linear mannooctaose, with the structure of Manα1 → 2Manα1 → 2Manα1 → 2Manα1 → 6Manα1 → 2Manα1 → 2Manα1 → 2Man. Notably, the H-1 signals of the Man-B and Man-C were shifted upfield, presumably reflecting the steric effect (Ikuta et al. 1997; Shibata et al. 2007 ) of an α-1,6-linked Man-E connected to Man-D. This observation suggested that the core mannan moiety of the galactomannans corresponded to a linear tandem repeat structure consisting of the α-1,2-linked mannotetraose units connected by an α-1,6-linkage. The presence of a 6-O-substituted Galf residue in N-GM was indicated in the 13 C NMR distortionless enhancement by polarization transfer (DEPT-135) spectra Structural change in the galactomannan of A. fumigatus Oligosaccharides obtained by β-elimination under reducing conditions. The biose fraction to pentaose fraction were designated as O2 to O5, respectively. O3 to O5 were treated with α-mannosidase and downsized (n-1) oligosaccharides (C) and α-mannosidase resistant (n) oligosaccharides (D) were separated by Bio-Gel P-2 column chromatography. (E) The separation scheme of α-mannosidase degradation products. For the structure in this figure, symbols ○ and □ indicate galactofuranose (Galf ) and mannopyranose (Man) residues, respectively. O3-3 and O3-2 indicate α-mannosidase resistant triose and its degradation product, biose, respectively. O4-3 and O5-4 indicate triose and tetraose obtained from O4 and O5, respectively, by α-mannosidase degradation.
( Figure 5B ). The negative signals in these spectra correspond to C-6 of the carbohydrates. The presence of the downfield shifted C-6 signal (to 70.09 ppm) indicated the presence of a 6-O-substituted Galf residue in N-GM ( Figure 5B ). The interresidue H-1/C-6′ cross-peak (Galf-H H-1, 5.024 ppm/Galf-G C-6, 70.09 ppm) in the 2D heteronuclear multiple bond coherence spectroscopy (HMBC) spectrum suggested that the signal at 5.024 ppm corresponded to the H-1 signal of the 1,6-linked Galf residues ( Figure 5B ) (Shibata et al. 2009 ). The H-1 signal of the 1,5-linked Galf residues in N-GM was also confirmed by the inter-residue H-1/C-5′ cross-peak (Galf-F′ H-1, 5.195 ppm/ Galf-F C-5, 76.5 ppm). The presence of 1,5-and 1,6-linked Galf residues in P-GM was also apparent from the 13 C NMR signals at 107.87 and 108.70 ppm, respectively ( Figure 5A ). The proposed structure was confirmed by the presence of an inter-residue H-1/H-6′ nuclear Overhauser effect (NOE) crosspeak between Galf-H (H-1, 5.024 ppm) and Galf-G (H-1, 5.233 ppm) in the NOESY spectrum (data not shown), and by the presence of the 6-O-substituted Galf residue detected by a methylation analysis (Table III) . To determine the linkage between a mannose residue in the core mannan and Galf residue of the Galf oligosaccharide side chain, a short time hydrolysis of P-GM was carried out with 0.15 M trifluoroacetic acid (TFA) at 100°C for 20 min. We confirmed that the resultant galactomannan, designated P-GMb, retained one Galf residue, Galf-E (H-1, 5.115 ppm; C-1, 106.65 ppm) and one mannose residue, Man-D (H-1, 5.187 ppm; C-1, 100.26 ppm) ( Figure 6B ) in addition to the core mannan ( Figure 6A ). Figure 6 shows the sequential connectivity of the sugar residues. The boxed cross-peaks in the spectra indicated the intra-residue H-1-H-2-correlation cross-peaks due to J-coupling and cross-peaks without the box indicated the inter-residue H-1-H-2′ NOE cross-peaks. This result indicated that Galf-E was connected to Man-D by a 1,2-linkage ( Figure 6B ).
Tentative structure of galactomannans Based on these results, we hypothesized possible chemical structures for the two galactomannans, as depicted in Figure 7 . The core mannan moieties of both N-linked galactomannans appeared to possess the same structure consisting of α-1,2-linked mannotetraose repeating units connected by α-1,6-linkages. However, the length of the Galf oligosaccharide side chain appeared to significantly differ between the two galactomannans. P-GM contained up to three β-1,5-linked Galf residues as side chains. In contrast, N-GM had up to 10 Galf residues connected by β-1,5-and β-1,6-linkages. The O-linked oligosaccharides also differed in length, with those of P-GM and N-GM containing Galf chains of up to three residues or >10 residues, respectively. Significant difference in the reactivity of the two galactomannans to anti-β-1,5-linked Galf mAb The antigenic difference in the two galactomannans was assayed using a mAb against β-1,5-linked Galf residues, which was obtained as part of the Platelia Aspergillus EIA kit. As shown in Figure 8 , the mAb strongly reacted with N-GM. Meanwhile, P-GM as well as Candida krusei mannan (which has the same structure as that of the core mannans of both P-GM and N-GM), and C. albicans mannan showed no reactivity. These results indicated that the growth conditions significantly affected the reactivity to the mAb of the diagnostic system.
Degradation of galactofuranosyl side chains by endogenous glycosidase
To clarify the mechanism whereby the P-GM and N-GM galactomannans differ in the Galf oligosaccharide side chain length, we assayed culture supernatants for galactofuranosidase activity. A galactomannan substrate was incubated with each culture supernatant for 24 h. The reaction products were analyzed by thin-layer chromatography (TLC). As shown in Figure 9 , the treatment of a galactomannan substrate with the YPD culture supernatant released galactose and oligosaccharides. On the other hand, treatment with the YNB culture supernatant did not produce any degradation products. These results suggested that the YPD-derived supernatant contains a β-galactofuranosidase that cleaves the Galf oligosaccharide side chains from galactomannan. The presence of oligosaccharides in the enzyme reaction product suggested that the enzyme is an endo-β-galactofuranosidase.
Discussion
In this study, we demonstrated the presence of significant structural differences in both the O-linked oligosaccharide and N-linked polysaccharide moieties of the galactomannans of A. fumigatus grown in different culture media. While the culture conditions are known to affect the structure of the N-linked polysaccharide on the mannan of C. albicans, there Fig. 4 . 1 H NMR spectra and molecular mass of N-linked polysaccharides. P-GM (A) and N-GM (B) were treated with 0.1 M HCl to remove the Galf residues, yielding P-GMa (C) and N-GMa (D), respectively. (E) Estimation of the average molecular mass of galactomannans by Sephacryl S-300 column (1.0 × 100 cm) chromatography. Elution was performed with 0.2 M NaCl and the carbohydrate content was assayed by the phenol/sulfuric acid method. Arrows indicate the elution position of the dextran molecular mass standards.
• , P-GM; ▪ , N-GM; ○, P-GMa; □, N-GMa. are (to the best of our knowledge) no equivalent reports of changes to the O-linked oligosaccharides. The O-linked oligosaccharides of N-GM were significantly longer than those of P-GM. Leitao et al. (2003) reported the existence of Galf-containing O-linked oligosaccharides in the galactomannan of A. fumigatus. However, these researchers did not show the existence of the Galf-containing 2,6-branched oligosaccharides, as detected in this study. We confirmed the presence of the non-reducing terminal branched α-1,2-linked mannose residues in the O-linked oligosaccharide by 1 H NMR, methylation analysis and α-mannosidase digestion experiment. There is a possibility that the Galf-containing branched structure in the 1 H and 13 C NMR analyses of P-GM (A) and N-GM (B). The right panels show HMBC, and the left panels show HSQC. Negative signals in the 13 C NMR DEPT-135 correspond to C-6 signals. The presence in N-GM of an HMBC cross-peak between the downfield-shifted C-6 signal of the Galf residue (at 70.09 ppm) and the H-1 signal (at 5.024 ppm) indicates that the latter signal corresponds to the H-1 of the 1,6-linked Galf residue. Furthermore, based on the presence of a cross-peak in HSQC, the carbon signal at 108.64 ppm corresponds to the C-1 of the 1,6-linked Galf residue.
Structural change in the galactomannan of A. fumigatus O-linked oligosaccharide acts as a specific antigen. The existing literature contains few reports about the structure of the Galf-containing O-linked oligosaccharides in glycoproteins; examples are limited to species such as Paracoccidioides brasiliensis (Levery et al. 1996) , Fonsecaea pedrosoi (Shibata and Okawa 2011), Fusarium sp. M7-1 (Iwahara et al. 1992) and Aspergillus fumigatus. The O-linked oligosaccharides of A. fumigatus galactomannan have been reported to involve the consecutive β-1,5-linked linear Galf-containing tetraose, Galfβ1 → 5Galfβ1 → 5Galfβ1 → 6Man and hexaose, Galfβ1 → 5Galfβ1 → 5Galfβ1 → 5Galfβ1 → 5Galfβ1 → 6Man (Leitao et al. 2003) . On the other hand, the presence of branched oligosaccharides in the O-linked moiety of the cell wall matrix glycoprotein has been demonstrated in several fungi, including Saccharomyces kluyveri (Zhang and Ballou 1981) , Aspergillus niger (Gunnarsson et al. 1984) , Schizosaccharomyces pombe (Ballou and Ballou 1995) , Fusarium sp. M7-1 and F. pedrosoi. As shown for the A. niger glycoprotein, the O-linked oligosaccharides involved four different structures up to the triose size. More complex structures have been reported in the O-linked oligosaccharides of the glycoprotein from Fusarium sp. M7-1. These oligosacharides consisted of structures of up to the hexaose size, including Manβ1 → 2Manβ1 → 4GlcAα1 → 2Galfβ1 → 6(Manα1 → 2)Man and Manβ1 → 4GlcAα1 → 2Galfβ1 → 6(Rhaα1 → 2Manα1 → 2)Man. A methylation analysis of the galactomannan indicated the presence of nonreducing terminal mannose residues, consistent with previous reports (Reiss and Lehmann 1979; Barreto-Bergter et al. 1981) , suggesting the presence of some branched mannans with a comb-like structure. Latgé et al. (1994) , however, did not detect the terminal mannose residues. They pointed out that the different methods of galactomannan preparation and/ or purification yielded distinct galactomannan structures. Although Latgé et al. (1994) cultivated A. fumigatus in a 20-l fermenter at 500 rpm by aeration, we cultivated the cells in a stationary culture. The former conditions induced hyphal growth and inhibited the conidium formation, while the latter conditions induced both hyphal growth and conidium formation. Histopathological findings of pulmonary aspergillosis indicated that A. fumigatus mainly grows the hyphal form, but conidial growth is also observed in the lung. Therefore, the stationary culture seems to be somewhat correlated to the invasive aspergillosis.
Although Latgé et al. (1994) reported the presence of only β-1,5-linked Galf residues, we demonstrated the presence of β-1,6-linked Galf residues in addition to the β-1,5-linked Galf residues in the O-linked oligosaccharides and N-linked polysaccharide of the galactomannan from A. fumigatus. There are several reports that the galactomannans of Penicillium and Aspergillus contain not only β-1,5-linked Galf residues but also β-1,6-linked Galf and 5,6-branched Galf residues (Van Bruggen-Van Der Lugt et al. 1992) . In the present report, we detected β-1,6-linked Galf residues, but not 5,6-branched Galf residues in the oligosaccharide side chains. The 1 H NMR signals of the β-1,5-and β-1,6-linkage-containing Galf oligosaccharide side chains in N-GM were similar to those of a galactan of Neosartorya stramenia, which contains [ → 5Galfβ1 → 5Galfβ1 → 6Galfβ1 → ] n (Leal et al. 1996) . The Fig. 6 . H-1-H-2′ sequential connectivity of sugar residues. NOESY spectra of P-GMa (A), P-GMb (B), and P-GM (C) are shown. The boxed cross-peaks in the spectra indicate the intra-residue H-1-H-2-correlation cross-peaks due to J-coupling, which was confirmed by DQF-COSY, and cross-peaks without box indicate the inter-residue H-1-H-2′ NOE cross-peaks, respectively. This result indicates that Galf-E was connected to Man-D by a 1,2-linkage.
arabinogalactan of Mycobacterium tuberculosis has been shown to contain a repeating biose unit of the structure [ → 6Galfβ1 → 5Galfβ1 → ] n (Daffe et al. 1990 ). Namely, the ratio of the β-1,5-and β-1,6-linked Galf residues is 1 : 1. A bifunctional galactofuranosyltransferase responsible for the construction of both the β-1,5-and β-1,6-linked Galf residues in M. tuberculosis has been identified (Kremer et al. 2001 ). On the other hand, very recently, Komachi et al. (2013) identified a gene encoding a galactofuranosyltransferase in A. nidulans and A. fumigatus. From the reactivity of an anti-β-1,5-linked Galf mAb to galactomannans treated by peptide N-glycanase F (PNGase F) and β-elimination, and galactomannans from strains disrupted for pmtA and pmtC, which encode enzymes that initiate the synthesis of O-linked oligosaccharides, they reported that the galactofuranosyltransferase is involved in the biosynthesis of O-linked oligosaccharides.
In this study, we demonstrated that the length of the Galf oligosaccharide side chain in the galactomannan obtained from 9% Gal-supplemented YNB medium is significantly longer than that obtained from 2% Glc containing YPD medium. We also compared the structure of the galactomannans obtained from 9% Gal-supplemented YNB medium and 2% Glcsupplemented YNB medium. However, there was no significant difference in the length of the Galf oligosaccharide side chains in the two galactomannans (data not shown). This result suggests that the difference in the carbon source or the concentration of Gal does not affect the length of the Galf oligosaccharide side chains. Though the nutritional conditions significantly affected the length of the Galf oligosaccharide side chains, it does not seem to affect the proportion of the β-1,6-linked Galf residues in the side chain. We speculate that the short Galf oligosaccharide side chain in the P-GM from A. fumigatus is a result of both a decrease in the intracellular galactofuranosyltransferase activity (at the Golgi apparatus) and an increase in the secreted galactofuranosidase activity (in the culture medium). We demonstrated a difference in the β-galactofuranosidase activity in the two culture supernatants with the apparent degradation of the Galf residues by an endogenous enzyme in the YPD culture supernatant. Bahia et al. (1997) studied the effect of human serum on the structure of A. fumigatus galactomannan. These researchers reported that the supplementation of the culture medium with serum decreased Fig. 7 . Proposed structures for P-GM (A) and N-GM (B). Each of the structures is one of the possibilities out of the statistical ensemble. Man and Galf denote D-mannopyranose and D-galactofuranose residues, respectively. The side chain sequence is not specified.
Structural change in the galactomannan of A. fumigatus the length of the β-1,5-linked Galf oligosaccharide side chains. Mennink-Kersten et al. (2006) reported that the prolonged cultivation of A. fumigatus resulted in a decreased proportion of Galf residues in the galactomannan. Furthermore, these researchers detected β-galactofuranosidase activity in the culture supernatant and suggested that the enzyme was responsible for the galactomannan degradation. To identify the main cause of the structural changes in the galactomannan, we will need to further study the regulation of the Aspergillus genes encoding relevant activities (e.g., galactofuranosyltransferase, uridine diphosphate (UDP)-galactopyranose mutase and β-galactofuranosidase).
P-GM and N-GM exhibited significantly different EIA reactivities using the mAb targeting Galf residues. Although this mAb has been shown to have a high affinity for the β-1,5-linked Galf tetraose (Stynen et al. 1992) , the EIA causes a false-positive reaction in 1-18% of the cases (Kedzierska et al. 2007) . False-positive results may occur by a cross reaction with exoantigens from fungi, e.g., Penicillium, Paecilomyces, Alternaria and Fuzarium. False-positive reactions were also observed in patients who were administered antibiotics such as piperacillin-tazobactam or amoxicillin-clavulanate. On the other hand, false-negative results may occur by the prophylactic administration of amphotericin B, a chronic granulomatous disease, a lower serum concentration of galactomannan antigen, etc. We postulate that the low concentration of galactomannan in the patient serum is seeming the result and the low reactivity of galactomannan with the shortend Galf oligosaccharide side chain and responsible for the false-negative results.
Pathogen-associated molecular patterns (PAMPs) of microbes are recognized by pattern recognition receptors of the innate immune cells. PAMPs are surface-exposed, absent from humans, and conserved in pathogens. Fungal galactomannans fulfill these requirements. In 2001, Tsuji et al. (2001) reported the existence of a novel soluble lectin that recognizes Galf residues. The Ca 2+ -dependent lectin, called human intelectin, binds to Mycobacterium bovis bacillus Calmette-Guerin and Nocardia, both of which contains arabinogalactan, and facilitates phagocytosis by macrophages, suggesting that intelectin functions as a host defense lectin. Recently, Persat et al. (2003) reported the presence of another galactomannan-specific lectin in Langerhans cells. Galf residues, though absent from higher eukaryotes, are involved in the survival or virulence of various bacteria. For example, gene deletion studies have demonstrated that UDP-galactopyranose mutase, the enzyme responsible for the biosynthesis of the Galf residues, is essential for mycobacterial growth (Pan et al. 2001 ) and contributes to the virulence of A. fumigatus (Schmalhorst et al. 2008) and Leishmania major (Kleczka et al. 2007 ). Thus, the enzymes involved in the biosynthesis of Galf are considered attractive drug targets (Pedersen and Turco 2003) . Meanwhile, characterization of the induction of β-galactofuranosyltransferase and β-galactofuranosidase will be critical for improving the specificity of the diagnosis and therapy of aspergillosis, thus further study is warranted.
Materials and methods

Materials
The A. fumigatus strain National Institute of Technology and Evaluation (NITE) Biological Resource Center (NBRC) 33022 was obtained from the NBRC of the NITE. Jack-bean (Canavalia ensiformis) α-mannosidase (EC 3.2.1.24) and Dextran standard 12,000, 25,000 and 80,000 from Leuconostoc mesenteroides (Fluka Analytical, average molecular mass of 11,600, 23,800 and 80,900, respectively) were obtained from Sigma-Aldrich (St. Louis, MO). An EIA kit for the detection of galactomannan in a patient's serum, Platelia Aspergillus EIA, was purchased from Bio-Rad (Marnes La Coquette, France). Mannan or galactomannan from C. krusei, C. albicans J-1012 (serotype A) and Trichophyton rubrum were the same specimens used in previous studies (Ikuta et al. 1997; Shibata et al. 2007 ).
Preparation of galactomannan Aspergillus fumigatus was grown in a 5 L stationary culture (28°C, 14 days) with 500-mL Erlenmeyer flask in either of two different media. The first medium was a yeast YPD medium (0.5% yeast extract, 1% peptone, 2% glucose), while the second one was a YNB medium supplemented with galactose (0.67% YNB [Difco Laboratories], 9% galactose). The cells were inactivated by the addition of formaldehyde to the final concentration of 1%, kept overnight, then the culture supernatant and cells were separated by filtration. The cells were washed with saline and dehydrated with acetone. The culture supernatant was dialyzed against water for 3 days, evaporated and lyophilized. The crude glycoprotein in the culture supernatant (3 g) was applied to a DEAE-Sepharose Fast Flow column (5 × 20 cm). Elution was performed with water, 0.1 and 1 M NaCl solutions, and aliquots of the eluates were assayed for their carbohydrate contents by the phenol/sulfuric acid method (DuBois et al. 1956 ). Since the carbohydrate was mainly recovered in the water-eluted fraction, we used it as the galactomannan glycoprotein fraction. The glycoproteins obtained from the culture supernatant of the YPD and YNB cultures were designated as P-GM and N-GM, respectively. The yields of P-GM and N-GM from 3 g each of the culture supernatant were 180 mg and 100 mg, respectively. A crude glycoprotein also was extracted from the acetone-dried cells with hot water at 121°C for 3 h, dialyzed against water, evaporated, and lyophilized. The crude glycoprotein extracted from the cells was fractionated by hexadecyltrimethylammonium bromide (Cetavlon) precipitation using the method of Lloyd (1970) . A Cetavlon fraction precipitated at pH 9.5 in the presence of 1% boric acid was also recovered as the galactomannan glycoprotein fraction.
Preparation of O-linked oligosaccharide by β-elimination
Galactomannan is a glycoprotein that consists of polysaccharides and oligosaccharides, which are connected to a protein by N-and O-linkages, respectively. The O-linked oligosaccharides are easily separated from the glycoprotein by β-elimination (treatment with alkaline solution). We performed the β-elimination reactions by the treatment (25°C for 24h) of galactomannan (P-GM and N-GM, each 100 mg) under either reducing conditions (0.5 M NaBH 4 /0.1 M NaOH, 10 mL) (Takahashi et al. 2012) or nonreducing conditions (0.1 M NaOH, 10 mL) (Shibata and Okawa 2011) . After incubation, the respective reaction product was neutralized and applied to a Bio-Gel P-2 column (2.5 × 100 cm) or a Bio-Gel P-4 column (2.5 × 200 cm). The elution position of the oligosaccharides was assessed using a mannose and mannooligosaccharide standard from biose to hexaose obtained from Candida mannan by acetolysis (Shibata et al. 2007) , and each oligosaccharide fraction was recovered and lyophilized. The N-linked polysaccharide-containing glycoprotein eluted in the void volume region was recovered and lyophilized as an N-linked polysaccharide fraction.
Partial acid hydrolysis of galactomannan
For preparation of the core mannan, all of the Galf residues of the galactomannan (P-GM and N-GM, each 50 mg) were removed by treatment with 0.1 M HCl (5 mL) at 100°C for 1 h (Shibata and Okawa 2011) . After neutralization with 1 M NaOH, the reaction products were separated by a Bio-Gel P-2 column (2.5 × 100 cm).
Acetolysis
Acetolysis selectively cleaves the α-1,6-linkages. Acetolysis was carried out in the same manner as the analysis of Candida mannan (Shibata et al. 1995) . The polysaccharide (200 mg) was dissolved in formamide (1 mL); acetylated by adding pyridine/acetic anhydride (1 : 1, v/v, 50 mL); and incubated at 40°C for 12 h. The reaction mixture then was evaporated to dryness in vacuo. The acetylated polysaccharide was dissolved in acetic anhydride/acetic acid/sulfuric acid (100 : 100 : 1, v/v/v, 50 mL), and acetolysis was carried out at 40°C for 36 h. The reaction mixture, which contains the acetylated oligosaccharides was evaporated, dissolved in chloroform (50 mL) and back-washed three times with water. The chloroform extract was dissolved in methanol (10 mL) and deacetylated using 28% sodium methoxide (0.2-0.3 mL). The reaction mixture was neutralized with 50% acetic acid, deionized and applied to a Bio-Gel P-2 column (2.5 × 100 cm).
Determination of the molecular mass of galactomannan
The average molecular mass of the galactomannans was determined by gel permeation chromatography. A Sephacryl S-300 HR column (1.0 × 100 cm) was used and eluted with 0.2 M NaCl. Dextran standards of 12,000, 25,000 and 80,000 were used as the molecular mass standards. Aliquots of the eluates were assayed for their carbohydrate content by the phenol/ sulfuric acid method (DuBois et al. 1956 ).
Carbohydrate composition analysis
For analysis of the carbohydrate composition, the polysaccharide (1 mg each) was hydrolyzed with 2 M TFA (3 mL) at 110°C for 3 h. After removal of the TFA by repeated evaporation with 2-propanol, the resultant monosaccharides were reduced overnight with 1% NaBH 4 (1 mL) at room temperature. The reduction was stopped by adding a few drops of 50% acetic acid and the residual boric acid was removed by repetitive co-evaporation with methanol. The resultant alditols were acetylated with pyridine/acetic anhydride (1 : 1, v/v, 4 mL) at 100°C for 3 h. The reagents were removed by repetitive evaporation with toluene, dissolved in chloroform (10 mL) and washed three times with water. The resulting alditol acetate derivatives were dissolved in acetone (5 mL) and analyzed by GC-MS.
Methylation analysis
The glycosidic linkage analysis of the polysaccharides and oligosaccharides was performed by methylation analysis using the method of Ciucanu and Kerek (1984) . The oligosaccharide (0.5 mg) was dissolved in dimethylsulfoxide (1 mL) and powdered NaOH (10 mg) was added. After stirring for 30 min, methyl iodide (500 µL) was added and the suspension was Structural change in the galactomannan of A. fumigatus stirred for another 30 min. The polysaccharide (1 mg) was separately dissolved in dimethylsulfoxide (1 mL) and powdered NaOH (10 mg) was added. After stirring for 3 h, methyl iodide (500 µL) was added and the suspension was stirred for another hour. The methylated products were extracted in chloroform (1 mL) and back-washed three times with water. The permethylated samples then were hydrolyzed, reduced, acetylated and analyzed by GC-MS by the same methods used for the carbohydrate composition analysis, except for the use of NaB 2 H 4 solution instead of NaBH 4 solution for the reduction.
Gas chromatography-mass spectrometry
The alditol acetates or the partially methylated alditol acetates were analyzed by GC-MS using a capillary column (30 m × 0.32 mm; DB-5) with helium as the carrier gas and a temperature program (160-200°C at 3°C/min). The GC-MS analyses were carried out using a JMS-K9 (JEOL, Japan). The MS analyses were carried out by electron impact (70 eV). The NMR spectra were recorded at 45°C using JNM-LA600 spectrometers (JEOL). TOCSY, NOESY, DEPT-135, HSQC and HMBC were performed using the standard pulse sequence. The proton and carbon chemical shifts were referenced relative to the internal acetone at δ 2.225 and 31.07 ppm, respectively (Table IV) .
NMR spectroscopy
Enzyme immunoassay
The reactivity of an anti-β-1,5-linked Galf mAb to the galactomannans was assayed using Platelia Aspergillus EIA in accordance with the manufacturer's instructions.
Galactofuranosidase assay
The YPD and YNB culture supernatants were dialyzed and lyophilized to prepare the crude enzyme fractions designated as the P-enzyme and N-enzyme, respectively (5 mg each). N-GM (5 mg) was used as the substrate, and enzyme reactions were carried out in 1 mL of 50 mM sodium acetate buffer (pH 4.5) at 37°C for 24 h. The enzyme degradation products were separated by TLC using a silica gel 60 TLC plate (Whatman) with a solvent system containing 1-butanol/ethanol/water (2 : 1 : 1, v/v/v). The released monosaccharides and oligosaccharides were detected using p-anisaldehyde/sulfuric acid reagent at 80°C for 15 min.
Other methods
The α-mannosidase treatment of the oligosaccharide fraction (5 mg) was carried out in 0.5 mL of 50 mM sodium citrate buffer ( pH 4.5) containing 1 unit of α-mannosidase at 25°C for 24 h.
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